Abstract-The aim of this paper is to provide: 1) a detailed description of the higher order leaky modes of the much-used broadside-coupled microstrips and 2) demonstrate the practical application of such leaky modes as an antenna. A representative broadside-coupled transmission-line structure is examined to elucidate the detail of leakage effects at higher order of multilayered three-dimensional microwave and millimeter-wave circuits. Two-layer cases are analyzed from a physical perspective and the total number of first higher order leaky modes is found to be equal to that of microstrips.
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One of the two first higher order leaky modes obtained in the two-layer case is weakly attenuated, while the other is strongly attenuated. A high-gain narrow-beam leaky-mode antenna using only the weakly attenuated leaky mode is designed and measured as an application of this broadside-coupled structure, exhibiting a marked beamwidth reduction of 60%. This antenna is the first Yagi-Uda-like array antenna that utilizes the higher order leaky modes of the microstrip, for which the three basic elements-driver, reflector, and director-are stacked in the broadside direction. The attenuation rate can be further reduced by adjusting the strip width of the director. The half-power beamwidth of the leaky-mode antenna applying two-layer broadside-coupled microstrips with a wider top microstrip is measured to be 2.10 at 25.20 from the broadside at 34 GHz.
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I. INTRODUCTION
B ROADSIDE-COUPLED line structures have been comprehensively investigated and extensively applied in recent decades [1] - [6] . This structure makes circuits more compact and flexible, and is naturally adaptable to multilayered structures. Despite limited in knowledge of higher order effects, the analyses of these structures focus primarily on the dominant bound modes and do not address the potential leaky properties when the layered integrated circuits are partially or completely open.
A few studies consider the zero-cutoff leaky modes in a transversely open symmetric structure with an air gap in the form of surface waves [7] . Apart from these companion types of modes, which are leaky, but carry dominant-mode-like modal currents [8] , the higher order leaky modes on the completely open broadside-coupled microstrips embedded in the stratified substrates above a common ground plane have recently been reported [9] . This study found that the number of first higher order leaky modes equals the total number of microstrips (excluding the ground plane). This result is consistent with the coupled-mode theory applied in parallel-coupled microstrips at higher order [10] .
One most common application of microstrips at higher order is the leaky-mode antenna, which is quite suited to planar realization [11] - [13] . The radiation performance of the leaky-mode antenna is known to depend strongly on the complex propagation constant , where is the phase constant and is the attenuation (leaky) constant. The beam-angle (angle of the radiation main beam from broadside) can be determined directly from [11] in case is small; hence, the leaky-mode antenna has the ability of frequency scanning.
The value of is related to the directivity of the leaky-mode antenna. The radiation pattern of the leaky microstrip can be established using the equivalent-surface magnetic-current method [14] . If the leaky-mode antenna is long enough to radiate above 90% of its power, then the half-power beamwidth in elevation can be simply represented as [14] (1) Equation (1) shows that the half-power beamwidth in elevation becomes much wider as the radiation main-beam approaches the end side (i.e., ). However, comes to dominate the radiation beamwidth since the cosine function is relatively flat over . As shown in this equation, is almost directly proportional to , especially when approaches the broadside (i.e., ). Restated, the antenna beamwidth falls and the directivity of the antenna rises as the attenuation constant decreases.
Jackson and Oliner [15] and Jackson et al. [16] stated that the excitation of weakly attenuated leaky waves contributes to the antenna gain enhancement of a multiple-layer dielectric structure. These weakly attenuated leaky waves can also exist in many dielectric waveguide structures with periodic perturbations [17] - [19] . Such leaky structures, showing genuine adjustments in the size and period of perturbation, can achieve small when the radiation main beam is still far from the end side; high-gain narrow-beam leaky-wave antennas can thus be realized. The antenna described in [17] This paper presents a new leaky-mode antenna that applies two-layer broadside-coupled microstrips, as shown in Fig. 1 ; the antenna can also achieve a low attenuation rate. The antenna can be easily integrated with the RF front-end circuits using a conventional printed circuit board (PCB) fabrication process, as the broadside-coupled structure is natively planar and multilayered. In these two-layer broadside-coupled microstrips, the attenuation constant for one of the two modes falls after coupling in relation to corresponding values of . That is, the reported leaky-mode antenna can be electrically long and the antenna gain can be enhanced by decreasing . For this weakly attenuated mode, the current flowing on the top microstrip is lower in magnitude and opposite in direction to the current flowing on the bottom microstrip.
Array theory [20] dictates that the radiation of this array antenna is directed from the bottom microstrip toward the top microstrip. Furthermore, the energy radiated from these two microstrips is completely reflected from the ground plane, yielding a single beam. Thus, the reported leaky-mode antenna can be considered as the simplest three-element Yagi-Uda-like array antenna, including a driver (bottom microstrip), reflector (ground plane), and director (top microstrip). As for the typical Yagi-Uda antenna, a better radiation (for higher directivity) can be achieved by controlling the geometric parameters of the two microstrips. Section III demonstrates that a slightly wider top microstrip can further reduce and to an extremely low value. In this paper, this weakly attenuated mode is purely excited to construct a high-gain narrow-beam leaky-mode antenna.
The remainder of this paper is organized as follows. Section II thoroughly investigates the broadside-coupled transmission line at higher order from the following three perspectives: 1) dispersion characteristics; 2) modal currents; 3) detailed observation of the field distributions. Section III describes the design procedure of the reported high-gain leaky-mode antenna using broadside-coupled microstrips, as well as the simulated and measured results. Experiments reveal that the reported antenna can control the attenuation rate. Section IV summarizes the results and presents conclusions.
II. CHARACTERISTICS OF TWO-LAYER BROADSIDE-COUPLED MICROSTRIPS
The complicated laterally and multiple multilayered transmission lines are reduced to an inhomogeneous broadside-coupled microstrips structure, as seen in Fig. 1 . In this configuration, width, center position, substrate thickness, and substrate dielectric constant for both microstrips are assumed identical for further simplification of the problem. The width of either microstrips is 2.5 mm and the thickness of the substrates with relative dielectric constant of 3.0 is 0.254 mm. The microstrips of infinite length are centered at the -axis. Notice that the substrate thickness of 0.254 mm with low dielectric constant of 3.0 is often the choice for millimeter-wave modules and hybrids.
The full-wave integral-equation method is invoked to obtain two leaky modes at the first higher order , namely, and , spanning the whole -band (26-40 GHz), as shown in Fig. 2 . A total of two leaky modes is searched, confirming our expectation that the number of leaky modes should equal that of the microstrips [10] . is the free-space wavelength. The leaky mode occupies the lower -band. Its cutoff frequency begins around 33.5 GHz where the normalized phase constant crosses unity and the normalized attenuation constant becomes nonzero. The mode spans the higher -band, between 33-40 GHz. Together, and cover the whole -band, representing a bandwidth considerably larger than that of a typical microstrip leaky line at higher order [11] . As shown in Fig. 2 , both the distributions of and are much flatter than those of and . The normalized phase constants at point and at , as shown in Notably, the broadside-coupled structure is inhomogeneous and nonsymmetric in the broadside ( -axis); therefore, the and modes can not exhibit either even or odd symmetry. Thus, the modal currents on the top and bottom microstrips differ by 35% and 34% in magnitude for the and modes, respectively. Paralleling to the terminology for bound modes of coupled microstrips, and , the higher order leaky modes, correspond to the and modes, respectively.
The electric and magnetic fields of the mode at 29 GHz on the transverse plane are plotted in Fig. 5(a) and (b) , and the normalized phase constant is 0.70 at this frequency. Similarly, Fig. 6(a) and (b) illustrates the electric and magnetic field of the mode at 34 GHz, where is 0.52. Since the fields due to the modes are antisymmetric against the vertical central plane ( --plane), which is equivalent to a perfect electric conductor (PEC) plane, only the fields on the right half-plane are shown in Figs. 5 and 6. Fig. 5(a) indicates that the electric field of the mode concentrates near the edge of the microstrips. The electric-field lines are directed upwardly and downwardly from the top microstrip. Fig. 5(a) and (b) also reveals that the electric and magnetic fields in the sandwiched dielectric layer have smaller amplitudes than those in the bottom dielectric layer because the fields induced by the top and bottom strip oppose and reduce each other. However, the total electric field still points downwards since the magnitude of the current flowing on the top-layer strip is greater than that on the bottom-layer strip. In contrast, the electric fields induced by the two microstrips are equally directed in the bottom dielectric layer, such that the total electric field is their sum and is greater than that in the top dielectric layer.
The electric and magnetic fields of the mode [see Fig. 6 (a) and (b)], however, concentrate in the region sandwiched by the two microstrips. The electric fields emanated from the top microstrip terminate on the bottom microstrip in agreement with the nearly out-of-phase modal currents. Applying the image theorem [21] , we may insert a PEC plane between the two microstrips without changing in the fields. Careful observation on the transverse fields shown in Fig. 6 reveals that the equivalent PEC approaches the top microstrip, which is equivalent to the reduction of substrate thickness. This is why the dispersion curve of the mode moves to higher frequency than that of the mode.
III. NARROW-BEAM LEAKY-MODE ANTENNA

A. Design and Measurement
As stated in Section I, the directivity of the leaky-mode antenna is related to the attenuation constant . The antenna beamwidth falls and the directivity rises as the attenuation constant decreases. Section II showed that a weakly attenuated leaky mode, i.e., , can exist in the two-layer broadside-coupled microstrips. Thus, high-gain leaky-mode antennas can be realized with the mode due to the reduction in .
Experiments are carried out for obtaining the radiation characteristics of the conventional isolated microstrip and the two-layer broadside-coupled microstrips. Firstly, an isolated single-layer microstrip is fabricated as a control experiment. A 50-mm-long microstrip of width 2.5 mm is placed on the 0.254-mm (10-mil)-thick Duroid substrate with relative dielectric constant of 3.0. The feeding network consists of a microstrip power divider, followed by two paths made of a 1/4 and 3/4 lines of appropriate characteristics impedance [22] . The phase difference of the two paths results in 180 out-of-phase at the differential inputs of the leaky line. Thus, the mode (isolated microstrip with substrate thickness of 0.254 mm), , is properly excited. One additional dielectric layer of the same thickness and and a metal strip with the same width are stacked vertically on the isolated microstrip. However, both the top and bottom strips' lengths are greatly extended to be 120 mm since is reduced after coupling. Care must be exercised to excite the mode of Fig. 2 . As mentioned in Section I, the two-layer broadsidecoupled microstrips shown in Fig. 1 can be considered as the simplest three-element Yagi-Uda-like array antenna, including a driver (the bottom microstrip), reflector (the ground plane), and director (the top microstrip). The space distance between the top and bottom microstrips (approximately 0.05 ), however, is much smaller than (the regular value between the first reflector and the driver elements of a typical Yagi-Uda antenna array). Consequently, the coupling between the microstrips is much stronger and both of the nearly in-phase and out-ofphase modes could be excited simultaneously by exciting the bottom microstrip only. Applying the well-known even-odd mode analysis, the power ratio of 0.1-0.9 between the and modes can be obtained. That is, only 10% of the input energy is transferred into the mode, which is bound in the operating frequency band of the mode, and the power of the mode is wasted. In order to reduce the power loss and focus only on the interested mode, the designed antenna is directly fed on both microstrips. Fig. 7 shows the layout graph of this two-layer structure. A 50-transmission line is power divided into two paths abiding the power ration of to excite only the mode. The first path is again evenly power divided into two paths of 180 phase difference to excite the bottom microstrip. The second path, while properly designed to support differential inputs at the top microstrip, is further delayed by 186.1 . Fig. 8 displays the simulation results of the modal currents that flow on the top and bottom microstrips at 35 GHz from the three-dimensional (3-D) commercial software, HFSS of Ansoft. The arrow points to the direction of the current flow and the length of the arrow is directly proportional to the magnitude of the current. Fig. 8 shows only the first 20 mm (approximately 1.5 ) since the leaky-mode antenna is a traveling-wave antenna and the modal currents are distributed periodically along the metal strip, excepting the energy decays exponentially. The distributions of longitudinal (transverse) currents that flow on the two microstrips are both oddly (evenly) symmetric about the plane, showing that the first higher order leaky mode is well excited. The currents that flow on the two microstrips are in opposite directions and the magnitude of the current on the bottom microstrip exceeds that on the top microstrip, establishing that the mode dominates according to the designed feeding network.
The waves that propagate along the transmission line can be extracted from the modal current distributions in Fig. 8 by invoking the matrix-pencil technique [23] . Four modes, two forward traveling waves , and their corresponding backward traveling waves , contribute much to the total field, while the other modes, such as the bound modes and surface-wave leaky modes, are relatively small in magnitude and are negligible under the excitation. The power ratio of to is 1 : 0.11, showing that the designed antenna can radiate around 89% of the energy into space, of which the value is close to the required 90%, as stated in Section I. If the antenna is longer, the amount of falls, while the aperture efficiency gets a little worse [14] . The normalized phase constants of and are 1.04 and 0.67, agreeing closely with the results displayed in Fig. 2 . The energy carried by is found to be only 0.98% of that carried by ; hence, the mode is shown to be dominant in the reported leaky-mode antenna. 
B. Control of the Attenuation Rate
As mentioned above, a reduction in the attenuation constant can support a high-gain narrow-beam leaky-mode antenna. It is pointed out in [14] that the decline in and beamwidth can be related to a thin substrate or one with a low dielectric constant. Finely tuning the thickness or dielectric constant of substrates, however, is difficult, as the microwave substrates are usually made according to commercial specifications. The substrates with quite a thin thickness or low dielectric constant are typically very fragile and expensive. This section shows that the attenuation constant can easily be reduced dramatically by controlling the width of the top microstrip. . The solid line in Fig. 10 represents the case of and shows that decreases as increases. When the width of the top microstrip is increased by 10%, is lower at a given , as illustrated by the dashed line in Fig. 10 . Restated, the radiation beamwidth can be reduced by adjusting the width of the top microstrip according to (1) .
A leaky-mode antenna that employs two-layer broadside-coupled microstrips with a wider top microstrip are designed and measured to demonstrate a further reduction of the beamwidth. The feeding network should be carefully designed to excite the mode. The theoretical value (using a two-dimensional (2-D) full-wave integral-equation method) of the normalized attenuation constant at 34 GHz is found to be 0.0043, where is 0.44 and is 5.1 mm. The antenna length is 300 mm (58 at 34 GHz), exceeding 217 mm to radiate above 90% of its power. Fig. 11 depicts the measured radiation pattern along the entire elevation plane ( -plane, ) from 90 to 90 (from the broadside) at 34 GHz. Clearly, since the proposed antenna is long enough to radiate almost all the input energy, no observable back lobe is found in this figure. The measured (angle of the radiation main beam) is 25.2 , agreeing very closely with the theoretical value 26.1 of obtained from . The measured half-power beamwidth is 2.1 at , also agreeing closely with the theoretical value 1.5 from (1) and much narrower than that of the leaky-mode antenna with equal microstrips ( at ). The result follows the expectation from Fig. 10 . An overall efficiency of 81% is measured for the leaky-mode antenna prototype. The energy loss mainly comes from the mismatching loss and material losses (conductor loss plus dielectric loss). The return loss is measured to be lower than 15 dB from 32 to 36 GHz showing a bandwidth of 11.8%. However, the material losses are difficult to measure from experiment; hence, only simulation results are mentioned as budget analyses. The conductor (dielectric) loss of the reported electrically long antenna is established to be 8.4% (3.6%), which is the difference between the cases of ideal and actual conductivity (loss tangent). Several measurements show that this antenna can scan from 20 to 40 with below 5 , establishing that this leaky-mode antenna can scan a very wide range.
IV. CONCLUSION
The higher order leaky modes of broadside-coupled line structures are investigated. Two-layer broadside-coupled microstrip structures are considered, and the dispersion curves, modal currents, and electromagnetic fields are comprehensively discussed. The leaky region of this structure is much broader than that of a conventional isolated microstrip. The coupled mode with approximately in-phase modal currents always falls into a lower frequency band and should be treated carefully in practical multilayered microwave integrated circuits (MICs) or monolithic microwave integrated circuits (MMICs). This paper offers a practical design example of a leaky-mode antenna that invokes the coupled mode with approximately out-of-phase modal currents. This weakly attenuated mode can be primarily excited to fabricate a high-gain narrow-beam leaky-mode antenna. However, the attenuation rate can also be increased or decreased over a very wide range by adjusting the ratio of the strips' widths, showing a plain approach to a highly directed antenna, which is important to modern wireless communication systems.
